INTRODUCTION
The fundamental resolution limits in biological magnetic resonance microscopy are defined by motion macroscopic motion for live animal studies [1] and microscopic diffusion for tissue specimens [2;3;4] . A number of authors have acquired images at this diffusion-imposed limit, usually with specialized phantoms or over very limited fields of view where very small radiofrequency coils can be used to achieve the requisite sensitivity [3;5;6;7] . For larger specimens, the resolution limit is usually imposed by the limited signal from the smaller voxels. In 1984, Styles et al. [8] demonstrated that one can improve the signal-to-noise ratio of a spectroscopy experiment by cooling the coils, thus reducing the impact of thermal noise originating from the coil. Cryogenic copper probes have matured and are now commercially available for MRI [9;10] . Using a superconducting receiver, Hall et al. [11] imaged the back of a human head in 1991. Substantially higher SNR was demonstrated in microscopy by Black et al. in 1993 [12] using a yttrium barium copper oxide (YBCO) coil. Since that time, a number of investigators have shown great progress towards a superconducting probe for routine MR microscopy [13;14;15] , but the practical problems of radiofrequency inhomogeneity, tuning, matching, and cryogenic temperature regulation have prevented the construction of reliable volume coils.
The design and construction of a superconducting probe are considerably more complex and expensive than traditional radiofrequency coils due to the special constraints imposed by the material and the need to maintain the coil at low temperature [16] . The superconducting film must be deposited on flat surfaces to achieve the crystalline structure required for superconductivity. The deposition of the film requires specialized expertise not available in most laboratories resulting in long turn-around time and high expense in the design cycle. A volume coil must be designed from an assembly of (at least two) coils and an associated coupling loop. Assembly of these very high Q resonators results in complex interactions that have profound impact on the homogeneity and final sensitivity. We describe here the design process that includes initial simulation using finite element design tools, validation using more easily fabricated copper models, and final construction using high-temperature superconducting coils. We demonstrate the process and the validation of the models used to design our second generation of volume probe consisting of two spiral coils in Helmholtz pair configuration, inductively coupled to the radiofrequency chain. The 11×11×22 mm volume coil is more homogeneous than previous probes. Agreement is very good in frequency and impedance between the finite element model and both the superconducting and copper coils, providing a foundation for the design of future coils.
SIMULATIONS
We have used finite element methods to describe the coil, starting with individual elements, moving to more complex assemblies of these elements, and finally expanding to consider more subtle effects of dielectric losses and coupling to the radiofrequency shield. To maximize the region of high B 1 field homogeneity, given the requirement that the HTS material has to be deposited on a flat substrate, we choose a pseudo-solenoid construction consisting of two spiral coils and one coupling loop. The two spiral coils are parallel with each other and the coupling loop, with the spiral centers aligned on the same axis ( Figure 1 ).
One of the initial challenges is tuning the HTS coils to the desired Larmor frequency. Our previous work [13] employed a complex thin film pattern with distributed capacitance and inductance between the elements of the thin film, which was difficult to tune. Withers et al. [17] and Serfaty et al. [18] presented double-sided spiral coils. For this work, we selected a single-sided spiral coil (Figure 2 ). Tuning the individual coils is easily achieved by scribing a line through the YBCO material to reduce the total length of the spiral. Several methods have been presented to calculate the resonant frequency of spiral coils and the frequency shift within a Helmholtz pair [19;20;21] . Finite-element methods can achieve the same purpose when the wavelength of interest is within a few orders of magnitude of the physical dimension of the coil. They offer the supplementary ability to model complex components, including the radiofrequency shield or elaborate dielectric material geometries. The resonant frequency of the individual, stand-alone spiral was determined by finite-element simulation as a function of average diameter and pitch of the spiral, as well as width of the conductor and number of turns. Our target was approximately 400 MHz for coil dimensions appropriate to image a mouse brain. The full-wave three-dimensional electromagnetic simulations of the single spiral coil, as well as the empty and specimen-loaded probe, including the radiofrequency shield and the dielectric ceramic heat exchangers, were performed using a commercially available finiteelement software (HFSS version 9.1, Ansoft Corporation, Pittsburgh, PA). Electromagnetic properties of materials were obtained from literature. No model of superconductivity was implemented; a conductivity of 10 12 (S/m) was used for the superconducting material. A conductivity of 1 (S/m) and a permittivity of 50 were used for the specimen. The convergence criteria were chosen to guarantee a precision better than 2%. A typical simulation was complete within a few hours using a standard personal computer (3GHz single processor, Dell Inc., Round Rock, Texas).
Loading a specimen into the probe causes a frequency shift that requires fine tuning. A ceramic wedge inserted between the coils allows one to adjust the separation between the coils while they are cold. As one might expect, this affects the B 1 homogeneity [21] and the power match. Simulations were conducted to determine the resonant frequency, the apparent impedance, and the field homogeneity of the loaded, shielded probe for a displacement between the two main coils ranging from 12.5 to 15 mm. A separation distance between the coils of 12.9 mm corresponds to a Helmholtz pair.
The simulations were validated using a room temperature replica with individual copper coils ( Figure 3 ). Spiral coils with trace width, spacing, and pitch identical to the HTS coils were machined from a copper laminate (CER-10 laminate, Taconic ADD, Petersburgh, NY), which has a relative dielectric constant of 10, very close to that of the sapphire substrate, equal to 11, used with the HTS coils.
EXPERIMENTS
After the completion and validation of the simulations, HTS coils were fabricated by deposition of a 300nm-thick, epitaxially grown yttrium barium copper oxide film (Theva GmbH, Ismaning, Germany) on a low dielectric loss sapphire substrate, passivated with a 100 nm-thick gold layer. These coils form the basic elements of our second generation of volume probe shown schematically in Figure 1 . The two superconducting coils were bonded to one end of heat exchangers made out of beryllium oxide, a ceramic chosen for its high thermal conductivity and low loss tangent. The other end of the heat exchangers was bonded to titanium chambers containing the flow of cryogenic vapor. The cylindrical body of the probe was machined from a garolite hollow tube, around which a room-temperature, one-mil thick, copper shield was wrapped. Vacuum is actively maintained by a turbomolecular pump (Turbovac 361, Oerlikon Leybold Vacuum, Cologne, Germany) in a custom-built Gifford-McMahon cycle cryocooler (Creare Inc., Hanover, NH). Cooling the probe is a routine procedure that requires 4 hours. The cryocooler is linked to the superconducting probe by a flexible, superinsulated vacuum line carrying a stream of cryogenic helium vapor circulating to and returning from the probe. The flexible coupling allows the probe to be removed from the magnet and the specimen to be changed without warming the probe. Temperature feedback controls the power input to a small heater just upstream from the titanium chambers at the base of the probe. The arrangement maintains the probe at 60±0.1 K over cold runs lasting 96 hours or more, limiting changes in coil quality factor and resonant frequency caused by temperature fluctuations [22] .
Using the superconducting probe, field homogeneity profiles were recorded from an 11 mm diameter, 23 mm long cylindrical phantom filled with silicone oil for comparison to predictions made by the radiofrequency model. A 3D gradient recalled sequence was used to eliminate the impact of nonlinearity [26] in the refocusing pulse of the more traditional rf refocused sequence. The same image acquisition was repeated using the room-temperature replica. In both cases, the power level of a hard pulse exciting the entire phantom was chosen such as to maximize the signal intensity at the center of the pair. Signal-to-noise measurements were made at multiple points in the imaging volume.
Three-dimensional imaging at very high spatial encoding resolution requires a dynamic range beyond that of our 16-bit analog-to-digital converter. A three-dimensional Cartesian spin warp encoding scheme was implemented with accompanying reconstruction software to accommodate image arrays up to 4096 3 . The scheme extends the dynamic range of the spectrometer by breaking Fourier space into smaller volumes. The gain of the amplifier immediately in front of the 16-bit analog-to-digital converter is set separately for each of the subvolumes of Fourier space. In the peripheral regions of Fourier space where the signal is low, the gain is increased to limit quantization errors. As the acquisition progresses toward the central volumes of Fourier space, the gain of the amplifier is reduced in 6 dB increments. At each increment, the number of excitations is doubled. Data is accumulated into 32-bit words, both for the real and imaginary channels.
Using the superconducting probe, gradient-recalled images were acquired of a perfusion-fixed C57BL/6 mouse brain, actively stained by transcardial perfusion with a mixture of 10% buffered formalin and ProHance (Bracco S.p.A., Milano, Italy) [23;24] allowing the use of short repetition time (TR≤100 ms). Acquisition parameters were: GRE, Flip angle=90°, TR=100 ms, TE=5.5 ms, FOV=21.3×10.6×10.6 mm, Bandwidth=62.5 kHz, NEX=1, Voxel Size 10×10×20 micron, array size=1024 3 , 75% k-space asymmetric sampling. The total imaging time was 16.5 hours. The same parameters were used to acquire data from another brain with a conventional room-temperature solenoid coil (14 mm diameter and 28 mm length), in which the filling factor was maximized for mouse brain microscopy. For each probe, signalto-noise measurements were made from 3D gradient recalled images at multiple points in the imaging volume.
For the superconducting probe, the experimental quality factors Q u of the empty probe, as well as the quality factor Q L of the probe loaded with a mouse brain specimen, were recorded at operating field using two small (<1 cm), decoupled loops and a transmitted power S 12 measurement [25] on a network analyzer (model 4195A, HP, Palo Alto, CA). Care was taken to limit the output power of the network analyzer so that the superconducting coil did not approach saturation [26] . For the room-temperature copper replica, the unloaded and loaded quality factors were recorded through the matched, untuned coupling loop circuit from the reflected power S 11 on the network analyzer. Finally, using the same S 11 method, the quality factor of the empty room-temperature solenoid probe, as well as the quality factor of the same probe loaded with a mouse brain, were recorded.
To test the in-plane resolution, a 50-micron-thick polyester mesh (Small Parts, Miami Lakes, FL) with an opening size of 20 microns immersed in a 0.05 M copper sulphate solution was imaged using the same sequence as was employed with the actively stained brain.
All images were acquired on a 9.4 T 89 mm vertical bore magnet (Oxford Instruments, Oxon, United Kingdom) interfaced to an imaging console (EPIC 12.0, General Electric Medical Systems, Milwaukee, WI) that has been modified for MR microscopy. Shielded coils provide gradients of 850 mT/m. The superconducting probe is connected to the spectrometer by a custom-designed T/R switch and preamplifier hybrid (Nova Medical, Wilmington, MA). The noise figure of the preamplifier, including all the connectors to the probe, was 0.6 dB. An intermediate stage in the radiofrequency transmit/receive chain mixes the 64 MHz operation frequency of the system designed originally for operation at 1.5 T with the signal from an independent oscillator to produce a sum signal at 400 MHz. Special care has been taken to ensure that this up/down converter, the preamplifier, and the first stage of the spectrometer can all accommodate the maximum amplitude of the signal from the superconducting probe without saturation effects. Figure 2 shows the resonant frequency of the individual HTS coils as a function of the number of turns of the spiral. The final spiral structure with width (w) of 1 mm and pitch (p) of 1.65 mm provides an operating range of nearly 300 MHz as the number of turns is decreased from 3 to 1.2. In addition, precise adjustment of the final frequency does not require inordinate precision in the placement of the last score. The frequency is not linearly dependent on the length of the spiral; at 400 MHz, one can shift the center frequency by 5.3 MHz by removing 1 mm of the trace so the final tuning is readily accomplished manually under a simple dissecting microscope.
RESULTS
The separation of the two HTS coils can be adjusted from 12.5 to 15 mm to provide fine tuning, while the coils are at operating temperature. Figure 4 shows theoretical and experimental data for both the resonant frequency and impedance as a function of coil separation. The individual coils were tuned to 410 MHz. In the Helmholtz configuration, changing the separation from 12.5 to 15 mm resulted in a frequency shift from 400.1 to 403.3 MHz when loaded with a mouse brain inside our 9.4 T magnet (the Larmor frequency of hydrogen within our magnet is 400.2 MHz). The 50-ohm match was realized with the 22-mm diameter untuned coupling loop placed 20 mm away from the pair center. Fine tuning by adjusting the separation distance between the coils minimally alters the 50-ohm match: the apparent impedance of the probe is 42 ohm at a 15 mm coil spacing.
In Figure 5b , field homogeneity profiles acquired from the superconducting probe indicate that the signal intensity decreases by less than 14% over an 11 mm wide region on the center-plane perpendicular to the pair axis. Data acquired along the A/P axis is similar to the S/I axis (not shown). Along the pair axis in the R/L direction (Figure 5a ), signal intensity increases from a minimum at the pair center to +25% near the center of the left coil, and reaches a peak at +80% close to the center of the right coil. The signal does not decrease to a value lower than the minimum at the pair center over a 23 mm span. The holding field is parallel to the A/P axis.
Two different signal-to-noise ratio comparisons were made. The first comparison was made between the HTS and copper Helmholtz using the nonconductive silicon phantom. The unloaded quality factor of the probe at 9.4 T is 4800. A similar measurement for the copper replica yielded Q u =320. Signal-to-noise ratio, averaged over the entire longitudinal slice of the non-conducting sample (Figure 5b ) increased from 220 in the copper Helmholtz to 712 in the superconducting probe, an improvement of 3.2. The SNR in the brightest region of Figure 5b (at R/L position of ~ +10 mm) was 965 relative to 224 at the same point in the copper Helmholtz, a net increase of a factor of 4.2. The minimum SNR at R/L=0 was 546 relative to 224 in the copper Helmholtz, a net increase of 2.4 for the HTS coil.
A second comparison of SNR was made between the HTS Helmholtz and the copper solenoid using a conducting sample, i.e. the perfused mouse brain. For the superconducting probe, the loaded quality factor (with the perfused brain) is 1800. Similar measurements for the copper solenoid yielded Q u =420 and Q L =260. In the images of the mouse brain, the signal-to-noise ratio increased in the HTS coil by a factor 1.9 in the hippocampus, 1.3 in the central lobe of the cerebellum, 1.1 in the uvula, and 2.9 in the frontal lobe using the superconducting probe relative to the same points in the brain images acquired with the copper solenoid. Figure 6 shows a single transverse slice of a polyester mesh immersed in copper sulphate imaged with a 1024 3 array. The effective slice is 20 microns. The in-plane resolution is 10×10 microns. The intersection of the imaging plane with the plane of the mesh is not perfect so volume averaging reduces the contrast in some parts of the image. The magnified inset shows areas in which the mesh is clearly resolved, as well as an intensity profile perpendicular to some mesh fibers.
Three-dimensional images of the entire mouse brain immersed in a hydrogen-free perfluoropolyether (Fomblin, Solvay Solexis S.p.A., Bollate, Italy) were acquired at 10×10×20 micron in 16.5 hours. We believe these to be the highest resolution MR images of the mouse brain yet published, revealing anatomical features not seen in previous MR images. A representative coronal section through the hippocampus is compared to a histological section at the same level in Figure 7 . Note in Figure 7a that fiber tracts are readily resolved in the caudate putamen. In the magnified area (Figure 7b ) one can resolve layers in the corpus collosum that are the thickness of only 3-4 cells in the accompanying optical section.
DISCUSSION
We have developed a finite element model to understand the critical design elements of an HTS coil. The radiofrequency model has allowed us to study the individual elements of our coil, e.g accurately predicting the resonant frequency of an individual spiral as a function of trace width, spacing, and total length. Agreement between the radiofrequency simulations and experiment is within 10% for the frequency of a single spiral over its entire tuning range spanning 300 MHz (Figure 2) . The model includes interactions between the individual coils and the coupling loop and allows us to determine frequency shifts and rf homogeneity as a function of coil separation-critical for the final stages of tuning and matching. The model agreed within 1% for the frequency over the 12-15 mm spacing of the coils. During imaging in practice, the probe resonant frequency at operating field typically decreases by less than 0.25 MHz when a mouse brain specimen is inserted into the probe and can be easily compensated with the 3 MHz fine-tuning range provided by the mechanical displacement of the two coils (Figure 4) . The B 1 field homogeneity for the Helmholtz pair is superior to previous HTS coils. The inhomogeneity in the plane transverse to the axis of the coils is less than 14%. Along the axis of the coils, more pronounced B 1 inhomogeneity ( Figure 5 ) has been recorded, which was underestimated by our model. The replication of the analysis presented by Serfaty et al. [21] without shield or loading indicates that a negligible current imbalance between coils is due to the lateral position of the coupling loop. However, the shield decreases the coupling factor between coils in practice, and the current imbalance can be underestimated. Our finite-element model includes the shield; the B 1 inhomogeneity was nonetheless underestimated. The conductivity of each of the superconducting films may be different in practice whereas our radiofrequency model assumes equality. In addition, the relation between simulated B 1 intensity and measured MR signal may not be straightforward. A practical remedy consists of placing the loop on the mid-plane between the coils in order to equilibrate mutual inductance. Power transfer could be adjusted by sliding the loop slightly away from the mid-plane. The radiofrequency simulations allows us to easily explore alternative solutions.
For a non-conductive specimen, SNR is proportional to , where η is the filling factor and T is the noise temperature of the probe. We assume that the superconducting probe and the copper replica exhibit the same filling factor, and that the noise temperature of the copper Helmholtz is known to be room-temperature. A simple analysis of the maximum SNR increase of 4.2 between the two probes indicates that the noise temperature of the superconducting probe is 250 K.
For a conducting specimen, SNR increased by a factor ranging from 1.1 to 2.9 using the superconducting probe as compared to a copper solenoid. The filling factor of the superconducting probe is approximately 40% of that of the copper solenoid. Despite this difference, the HTS coil provides a significant gain in SNR.
The increase in sensitivity provided by the HTS coil allows us to encode at what we believe to be the highest resolution yet achieved for large-size biological specimens [27] . Spatial resolution of better than 20 microns was verified via the Raleigh criterion using a nylon mesh and in-plane encoding of 10×10 microns. Images of a perfusion fixed mouse brain at 10×10×20 micron revealed clear distinction of layers approximately four cells thick.
CONCLUSION
To date, the use of HTS coils has been of limited value for MR microscopy. Challenges in designing a superconducting probe have restricted the extent of the field-of-view and the rf homogeneity has been poor, limiting the type of biological specimens that might be studied. The use of finite-element radiofrequency simulations enabled an easier and more cost-effective design process resulting in vastly improved radiofrequency homogeneity over larger field-ofviews. The tuning and matching requirement were correctly predicted. Homogeneity was well modeled in the transverse plane. Our model underestimated the amplitude of the inhomogeneity along the axis of the pair, which can be alleviated in practice.
The probe filling factor can be improved. The finite-element simulations should be extended to include an energy-based estimation of the probe filling factor, and an estimation of power loss in the shield. A suitable shield configuration and the optimal trade-off between homogeneity and sensitivity can be determined by the model before implementing changes.
Extensive work is in progress to define the magnetic resonance and histological correlates of the mouse brain cytoarchitecture.
With useful guidance early in the probe design phase, we believe that routine MR microscopy of larger, biologically relevant specimens at a resolution approaching the limit imposed by water diffusion can be successfully implemented in the next 1-2 years.
Work supported in the United States in part by NIH/NIBIB (5 R44 EB000381), NIH/NIBIB (1 T32 EB001040), performed at the Center for In Vivo Microscopy, an NCRR/NCI National Biomedical Technology Resource Center (P41 RR005959 and R24 CA092656). Additional support was provided by the Mouse Bioinformatics Research Network (U24 RR021760).
List of Abbreviations

HTS
high-temperature superconducting YBCO yttrium barium copper oxide The schematic shows the essential components of the HTS volume probe. A segment of the second HTS coil and heat exchanger is removed in this schematic to allow better appreciation of the geometry. The superconducting traces (1) are deposited on sapphire substrates (2) attached to beryllium oxide ceramic heat exchangers (3) in thermal contact with titanium chambers containing flowing helium vapor. The spacing between the heat exchangers can be adjusted to fine-tune the probe. The coils are inductively coupled to the radiofrequency chain by an untuned room-temperature circular copper coupling loop (4) which can slide along the axis of the pair to adjust the power match. The cartridge (5) containing the mouse brain (6) is placed at the center of the Helmholtz pair. Vacuum is actively maintained inside the probe housing to limit heat convection towards the cold coils. A flow of room-temperature nitrogen prevents the sample from freezing during operation. A copper foil is wrapped around the probe housing and acts as a radiofrequency shield. A detailed view of one coil of the Helmholtz pair shows the pitch p of a spiral, and the trace width w. The inner radius r of the coil is measured to the midline of the inner trace. The spiral coil parameters are: r=11.75mm, w=1mm and p=1.65mm. The substrate is a 38 mm outer diameter, 22 mm inner diameter, one-millimeter thick sapphire ring. Each coil resonates at 180 MHz as manufactured with an original number of turns of N=2.875. It can be brought to 410 MHz by reducing the number of turns to approximately 1.3, in which case the coil average radius is a=12.9mm. During manual tuning, a segment at the outer end of the coil trace can be isolated from the part supporting the resonant mode by making a score with a razor blade. The number of turns carrying the resonant mode, the inductance and the capacitance are decreased A photograph of the copper replica of the superconducting probe shows that the geometry of the copper coils is identical to that of the superconducting coils. The relative dielectric constant (10) of the organic ceramic substrate of the copper laminate is very close to that of the sapphire substrate (11) of the superconducting coils. The acrylic support allows one to adjust the relative position of the coils in the same fashion as the HTS probe and experimentally validate the radiofrequency simulations of the superconducting probe. 
